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ABSTRACT

The development of a calculational program, whose
goal is to predict the response of earth media to the impact
of a hypervelocity projectile, is described. A vital part
of the program has involved the derivation of calculational
models capable of describing the response of earth media to
shock loading. A test problem involving the impact of an
iron cylinder on an aluminum half-plane at a velocity of
3 cm/psec has been run on the two-dimensional plastic-
elastic time-dependent code, PIPE. Results, conclusions

and recommendations are given.
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SECTION 1

INTRODUCTION

1.1 Statement of the Problem

During the past few years a great amount of attention
has been focused on crater formation on the earth and the moon by
meteoritic impact. Craters on earth which show evidence of
meteoritic origin have been investigated and in many cases their
internal structure has been determined in some detail. (L 2) Explosion
craters and scaling laws have been used generally to indicate the o
depth of burial and energy required to produce a crater of a given
diameter and depth. Applications have been to both earth and lunar
craters. (2) Such applications involve the assumptioﬁ that hypervelocity

meteorites vaporize upon impact and that the explosive expansion of the
-vapor produces the resultant crater.

In fact, however, impact cratering and explosive cratering
differ in two important ways; in the partition of energy between internal
and kinetic and in the geometry of the energy distribution. In impact
cratering all energy is kinetic and is delivered as a line source. In
explosive cratering the energy is divided between internal and kinetic

and is distributed over a roughly spherical volume. Thus, descriptions
of the structure of an impact crater which derive from explosive

cratering are likely to be in considerable error.

The basic physics of earth and lunar crater formation can
best be understood by theoretical calculations. Such calculations involve
the development of a computer code which follows the detailed flow of
material and energy partition as a function of time in two space
dimensions, once the target and projectile characteristics have been
specified. Although material strength is not important in the early

phases, it must be included in the later phases in order to properly

describe the crater formation.




A vital part of a crater calculation lies in selecting
adequate mathematical descriptions of the earth media when subject
to dynamic loading. In particular, elastic deformation, plastic

yielding and compaction must be taken into account.

1.2 Survey of Previous Work

The problem of crater formation by hypervelocity impact
has received extensive treatment by experiinentalists. However,
most of this work has been on metal-metal impacts. A review of

(3) Metal

projectile impacts on soil-like targets have been sadly lacking.

the state-of-the-art has been made recently by Bjork.

.One experiment, on the impact of steel into Coconino sandstone, is

reported by Moore et al. (4)

Theoretically, the situation with regard to calculations
of metal impact on soil is not appreciably better. A preliminary
report on the formation of the Arizona meteor crater is given by
Bjork. ) His calculations assumed the process was purely hydro-
dynamic. Such a treatment is satisfactory for pressures greater
than a few hundred kilobars. Below these pressures, material
strength becomes important in arresting the flow and should be
included. His calculations were for the impact of an iron meteorite
into tuff since the equations of state of limestone and sandstone (the
actual materials of the Arizona meteor crater region) were not
available. Theoretical calculations of. metal on metal impact are
reported by Walsh and Tillotson. (6) Here again, material strength

was not included.

Several two-dimensional time-dependent calculational
codes embodying a plastic-elastic description of matter have been

developed. Of these, TENSOR, (7) although designed specifically for

(8)

calculation of cratering,. was never made operétional. PICKWICK
had not yet included the strength of materials in its applications when

last reported.




HEMP(C)) has been used successfully to.investigate problems

involving the interaction of high explosive energy sources with metals.

Although not designed specifically for cratering, it seemed to offer

" the most advanced and most logical starting place for the development

of a two-dimensional time-dependent plastic-elastic calculational

code for impact cratering.

The conclusions of various investigators may be summed

up as follows:

1.
2.
3.

4.

Hypervelocity impact cratering is not an explosive phenomena.
Material strength cannot be ignored. _
The equation of state of the soil media must be fairly well
established. :
Detailed computer codes which follow the detailed motions
of the material, such as throwout, fall-back and lip
formation, and of the ground shock are capable of leading
to a understanding of crater formation.

Experiments of metal on soil impacts are a necessary link
to the theoretical codes.

Existing craters should be thoroughly analyzed with the

computer code.




SECTION 2
DESCRIPTION OF HEMP CODE

2.1 General -

HEMP(g)

is a code which was developed by Mark Wilkins
and Richard Giroux at the University of California, Lawrence
Radiation Laboratory, Livermore. Itis written in machine language
for the IBM Stretch. The reference gives a very complete description
of the code. Since it represents a point of departure for our code,

PIPE, a brief description of its features is appropriate here.

2.2 ~ Elastic Region

~ Basically, HEMP is a two-dimensional time-dependent
hydrodynamic calculational code to which has been added an equation
of state capable of describing elastic and elastic-plastic flow.
During the elastic phase, the material is assumed to follow Hooke's

Law. The stresses are decomposed into a hydrostatic component P

(all three stress components equal) and an anistropic component s

(stress deviator) which describes the resistance of the material to

shear distortion. These deviators are defined in such a way that
sy +s,+s3 = 0 : (1)

where s;, S,, and s; are the principal stress deviators. The
stress deviators are calculated in terms of an incremental stress
resulting from an incremental strain. Hooke's Law used in this

way gives natural strain, which means that the strain of an element

is referred to the current configuration instead of the original configuration.




2.3 Yield Condition and Plastic Flow

Most yield criteria postulate some relation between the
principal stresses as a condition for yielding. Since the code -
calculates the principal stresses at every element for every time,
step, it is possible to incorporate any such criterion into the code
and test each element at each time step to determine whether or
not the elastic limit has been reached. In the current version of
HEMP, the yield condition of R. Von Mises is used to describe the
elastic limit. When the principal stresses are known, the yield

condition can be written as:

{o1 = 0302 4 (02 - 05)2 + (05 - 01)% = 2(y9? (@)

where 01, O3, O3 are the principal stresses and

Y° is the yield strength in simple tension.

The left side of this expression is proportional to the elastic

energy of distortion per unit volume or the energy required to chaﬁge

‘shape as opposed to the energy that causes a volume change. The

expression states, therefore, that plastic flow begins when the elastic
distortion energy reaches a limiting value and that this energy
remains constant during the plastic flow. Thus, by the term "elastic-
plastic' is meant the state whereby the distortion (change in shape)
component of the strained material has been loaded, following Hooke's
Law, up to a state where the material can no longer store elastic
energy. All subsequent distortion will produce plastic flow and

plastic work will be done.

Since pressure is common to all stresses of Equation (2),

the equation can be written as

(s1 - 83)% + (s3-8)% +(s5 -51)2 = 2(y92 | (3)



Equations (1) and (3) can be combined to give

sia + 5,2 + s53° < % (y°)2 ' (4)

The inequality defines the elastic region in which the ‘element
in question is still behaving elastically. The equality indicates the
condition at the onset of plastic flow and the condition which is
maintained during plastic flow. If an incremental change in the
stresses of an element result in the left hand side of Equatic;n (4)
exceeding the right hand side, then each of the principal stress
deviators (s;, s,, and s; ) are adjusted such that Equation (4)

is again satisfied.

The 'above formulation corresponds to a perfectly plastic
material, i.e., material that flows plastically under a constant stress
without work-hardening. For a work-hardening material the stress
will increase monotonically with strain for strains beyond the yield
point instead of remaining constant as for a perfectly plastic material.

Work-hardening can be introduced into the calculation by making the

" constant y° in Equation (2) a function of the strain energy, for example.

Also, when enough work has been done to melt the material, the value
of y° can be set to zero. In this way an all-hydrodynamic description
will follow since the stress deviators will automatically be set to zero
by the above procedure and the only remaining stress will be the
pressure P. Time-dependent yielding can be macroscopically .
represented by selecting a high yield constant y° if the strain rates

(€1, €3, € ) are above some prescribed value.

2.4 Other Features

The other features of the code are briefly summarized. The
code employs a Lagrangian coordinate system which moves with the
material. A routine exists for the detonation and subsequent burning

of high explosive. Sliding interfaces are allowed between an elastic



and a hydrodynamic region, but not between two elastic boundaries.

An elastic region, however, may slide along a fixed boundary. An
artificial viscosity (q) is used to provide stability in the region of a
shock. Three alternate forms of q are available; a linear q,

a quadratic g, and an anistropic q. The latter is useful for problems "
where a shock is traveling perpendicular to a frez.e surface. The
specification of an equation of state for a material used in the code
requires the usual relation of pressure as a function of relative volume
and internal energy. In addition one must specify ¥° and the shear

modulus of the material (M ).




SECTION 3
DESCRIPTION OF PIPE CODE

3.1 Machine Language PIPE Code

PIPE is the designation of the Physics International
Plastic-Elastic Code. This code uses the same basic .equations as
HEMP, but is coded to run on an IBM 7094. One of the first
problems that had to be faced was providing sufficient number of
zones to perform a cratering problem. It was recognized from one-
dimensional calculations that @ large number of zones would be required
to retain the structure of a shock, particularly in lower pressure
regions where the shock structure can be quite complex. Since the
code must retain 21 quantities in memory for each zone, the problem
can be readily visualized. By using intermediate tape storage, it
was possible to provide for 120 zones in one direction and an unlimited

number in the other.

The intermediate storage makes use of four tape units for
maximum efficiency. Half the zones are read from Tape 1 while

being written on Tape 2. The second half are read from Tape 3~

. while being written on Tape 4. This latter step allows Tapes 1 and 2

to be rewound while computation is going on. Thus, Tapes 1 and 2
are in position for the next time step when Tapes 3 and 4 have been

read and written completely.

Another problem which was known at the outset was the
limitation of a Lagrangian code for problems in which a large distortion
of the zones takes place. Examples of such distortions are shown in
Section 5. It was hoped, however, that by the use of a rezone routine
reasonable orthogonality could be maintained. Consequently, a rox‘xtine
was desired which could remap a distorted grid into a new, more

orthogonal, grid.
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- plot by sketching in a new desired grid.

--_-‘--l‘-l-l

The first step needed was a plot routine to map the grid at

any desired time. Since Physics International personnel planned on

using the Cal Comp plotter of the IBM Service Bureau Corporation, it

was convenient to use the 1401 FORTRAN plotting routines which had

been designed for this plotter. This required routines to write an

output tape which could be read by the FORTRAN plotting routines.
The present routine only plots the two-dimensional configuration.

Sample plots are shown in Section 5. The plot can be magnified to

show any degree of detail for any desired region of the grid.

The next logical step in a rezone procedure would be an
automatic remapping routine.” To provide automatic rezoning requires
a routine to test the grid periodically for orthogonality and take
corrective action. It is conceivable that a grid could be made to

rezone itself periodically in such a way that some degree of

orthogonality would be maintained. We do not see any practical way of

providing such a feature in the existing code. It is possible that a

combined Eulerian-Lagrangian code would better fulfill this function.

The next best to an automatic routine was determined to be

one where a knowledgeable human remaps the problem on the Cal Cbmp

The coordinates of the new
boundary points are then read off and serve as input to the rezone

calculation. Up to 100 points at a time can be rezoned. All points

on the boundaries of the region to be rezoned must be specified. The
positions, velocities, relative volume, energy, pressure and stress

deviators are determined for the new zones. The number of new zones

is always equal to the number of old zones. The routine conserves

mass, energy and momentum to at least first order.
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SECTION 4
EQUATION OF STATE OF EARTH MEDIA

4.1 General

This contract required that Physics International 'mcdrporé.te
into PIPE a model appropriate for the description calculations of earth
media when subjected to dynamic loading. An intensi\;e effort has
been sponsored by AFWL (see, for example, Reference 10} to
determine reliable equations of state for earth materials under
extremely high pressures and rapid loading rates. This effort has

been both experimental and theoretical. "Equation of state' in this

context is not simply the shock Hugoniot curve, but includes

consideration of a non-isotropic stress tensor.

4.2 Experimental Data

Measurements of the static and dynamic behavior of playa

(1)

in one-dimensional compression have been made. Some Hugoniot

2, 13
(1 ) The stresses attained in

data for playa also exists. _
Reference (1) were limited to <1.4 kilobar and the time of application
of this stress to 23 milliseconds. The Hugoniot data covers a pressure
region from 40 to 270 kilobars and moisture contents from 0 to 10%.
Therefore, no data exist in the pressure region from 1.4 to 40 kilobars,

and no data with realistic dynamic loading times exist below 40

kilobars.

More complete data exist for some other earth

(14, 15, 16, 17, 18)

media. S.R.I., for example, has measured

Hugoniot data in the pressure range 5 to 250 kilobars for quartzite,

10
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sandstone, calcite, marble, limestone, plagiodase and basalt.

Work on other media continues. The recent development of pressure
transducers capable of recording pressure as a function of time in
dynamically loaded samples 19) promises to provide a new dimension
to the acquisition of equation of state data. With such transducers,
the elastic and plastic loading and unloading characteristics of a
sample can be investigated. From this information will come

sufficient insight to develop rather sophisticated equation of state models

to describe the behavior of earth media. ’

4.3 '~ Physical Description of An Earth Medium

_ A typical earth medium is a mixture of mineral particles,
water, and air. The mineral particles can be considered to be
cemented together to form a porous skeleton, the pores of which are
filled with water and air. For sufficiently small loadings, the rigidity
of the skeleton will resist deformation in an elastic manner. Under
increasing load, however, the skeleton will gradually break up. The
mineral particles will be compacted irreversibly, the porosity will
decrease and a larger fraction of the load will be borne by the water-
and air. As the load increases farther, the mineral particles
themselves will also begin to be fractured as they are forced into
more and more intimate contact with their neighbors. It is
apparent that the above compaction is irreversible, and that a
reduction of load at this point will bring about a very small increase
in volume compared to the large decrease in volume during loading.
The complete breakdown of the skeleton, in fact, destroys any
knowledge the system might iave had concerning its initial condition.
As the load becomes even larger, the compacted mixture can
eventually be treated as a fluid whose density is a unique function of

the mean pressure for an adiabatic compression or expansion.

1



When earth mediu are subjected to shock or wave motion,
it is necessary to account for significant energy absofption, even at
small stresses. Field measurements on contained explosions at
ranges where spherical symmetry should apply have generally
indicated that peak stress and particle velocity are proportional to
R™® where a is always larger than one and is usually larger than two.
Such a dependence has been observed at ranges large enough that the
particle velocity is much less than the shock veiocity, so that the
acoustic limit is approached. But in a non-dissipative medium in the
acoustic limit, the amplitude of a spherical pulse is proportional to
R-l . Therefore, the measurements do not indicate any stress level
below which dissipation is unimportant. To predict the observed
attenuation, a model of the material must be used which allows

irreversible processes at low stresses.

The effect of sevceral types of irreversibility may be
discussed qualitatively. The first arises from the increase in
entropy upon shock loading, which is important for strong shocks.
At small stresses the Hugoniot is equal to the adiabat to third order,

so that irreversibility of this type becomes less important.

A second type is plastic yielding, an irreversible change
of shape. If the yield stress is independent of pressure, then beyorid
a certain radius the wave will be elastic and no more energy will be
lost to this mechanism. The case in which the yield stress is
proportional to pressure, as derived from Coulomb friction,

warrants further study.

A third type is comminution, irreversible change of volume.

This process will take place in porous materials. Experiments have
indicated that the ratio of the energy absorbed to the energy of

loading of a sample does not approach zero at small stresses.

12
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(The model used in the work reported here has this fe_atu.re.)
Therefore, comminution will contribute to attenuation at all stress
levels, and could explain the ittenuation observed in porous media.
But it cannot be the only energy sink operative at small stresses,
because attenuation has been observed in non-porous materials such

as granite.

Other possible mechanisms of energy absorption would
arisc from rate-dependent stresses, such as viscosity. We have not
considered such processes. The fact that scaling laws work as well

as they do is an argument for neglecting such effects at this stage.

4.4 Model of An Earth Medium

The model proposed here has much in common with that

20, 21, 22
proposed by Grigorian( 0. 2l 22) and experimental work done in

23, 24) .
support of that model. (23 } Although such a model is extremely
difficult to apply in any analyiical fashion, its use in a code such as
PIPE becomes a very powerful tool for the understanding of earth

shock phenomena.

A model for the change of pressure, as a function ofn-1

pp )
o

in Figure 4.la. Here the three load regimes discussed above are

(wheren = might logically have the properties of that shown
represented by the portions of the curve, ab, bd, and de, respectively.
It is apparent from the discussion above that the unloading curves

will be quite different from this loading curve. As an approximation,
the unloading paths from point, ¢ and d, might be represented by the
paths, cg, and df, respectively.

When the energy necessary to perform a shear deformation

.of the material cannot be neglected, one must consider the deforming

stress tensor rather than a pressure. As mentioned in Section 2,

13



it is convenicent to consider the stresses as being composed of a
mean pressure responsible for the volume deformation and the
deviatoric stresses responsible for the shear deformation. To
the model shown in Figure 4.la, therefore, must be added the
appropriate description of the stress deviators-during elastic and

plastic deformution of the body.

In HEMP, this relationship is provided by Hooke's Law
in the elastic region and the Von Mises yield criteria in the plastié
i-é,,ion. The Von Mises yield criteria has been most sucessfully
appiicd to the plastic yielding of ductile metals. Although Hooke's
Law is a sound basis for any elastic behavior, the Von Mises criteria
>is not riecessarily the best that can be applied to an earth media. In
fact, itis usuélly accepted ttat some form of the Coulomb yield

(25)

conridition is more appropriate. Both forms have been incorporated

into our model.

4.4.1 Von Mises Model

In the Von Mises model, the Von Mises criteria is ‘
superimposed on the pressure-volume model described above. The
slope, ab, is the initial bulk modulus K of the medium. The curve,
bede, is a best fit such that the superposition of the pressure curve
with the axial stress deviator produces a total stress curve which
matches the stresses measured in one-dimensional experiments.

The axial stress deviator ( s;) for.one-dimensional loading is éhown
in Figure 4.1b. A typical unloading path is jk. Figure 4.lc shows the
total axial stress (¢ 1) formed by a superposition of P and s; - The
slope, lm, is chosen to give the obscrved sound speed in the

(9)

medium. In Wilkins' model, ¥® is the yield stress of a tensile
test specimen. In our casec this definition has no significance. The
yicld stress swuld preferably come {rom a dynamic measurement.
The curve, op, is the normal Hugoniot (the stress deviators are set
cqual to «zcro on the Hugoniot). A typical unloading path for Oy is

shown as nq.

14




The irreversible work done in the loading-unloading cycle,

Imngq, is that done in plastic shear deformation, hijk, plus that done

in permanent volumetric compaction, abeg. In the usual two-dimensional

problem, the directions and inagnitudes of the principal stress
deviators are not so obvious and must be obtained from the detailed
calculation. '

(17)

The measured Hugoniot of sandstone is shown in
Figure 4.2. [t can be seen that our model has a form which is very

sirnilar to that observed for this soft porous rock.

4.4.2 Coulomb Model

In the Coulomb Model, it has been convenient to choose a

relationship between pressure P and relative volume V such

that

P=-X1lnV

Mohr(26)

stress in any plane section can never become larger than the friction

force caused by the normal pressure in this section when slip starts.

Interpreted in terms of Coulomb's Law of friction, which states that
the friction force is proportional to the normal force, the limiting

condition for slip becomes

-

, . -1
op - g3 = (& * o03) sintan = n

where g, and gy are the major and minor compressive, principal

stresses, 1+ is the coefficient of sliding friction between the grain.

G - Cz . . o1 ¥ 0
._1___)___;. is the maximum shear stress and .__1_.2___3_
proportionzl to the mean stress or pressure, the qualitative

Since is roughly

statement oI the criteria is that the shear stress at failure is

proportional to the pressure.

15
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postulated that, in a granular material, the shear
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The Coulomb condition can be applied more generally by
malking the octahedral shearing stress a function of the mean stress
(i.e. pressure). In our mod:l we have chosen to make the general

yield condition

7

(31 - 02)2 + (Un - 03 )2.‘;' (Ja - 61)2 = 2(y)2 (7)

<

wherc
y = y° 4+ al + b2 ' (8)
a and b are constant determined from experimental data.
In terms of the one-dimensional model demonstrated in

Figurce 4.3, the yield condition is described by the equality in the

relation

-s1 < 3y : 9

As the pressure increases, it takes a correspondingly higher stress

to cause plastic flow (i.e. slippage).

The total stress is again a superposition of P and -s;. A

typical relaxation path is shown as ng.

The model itself is extremely flexible and can be made to
iit a wide range of earth media. Unfortunately, the experimental
data available is not yet good enough to make the best use of the

capabilities of the model.

16
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4.4.3 Specific Model Used in Onec-Dimensional Calculations

The available Hugoniot data on geologic materials shows
2 large scatter of points due to unavoidable non-uniformity of the
samples. Also the extrapolation of these data to small stresses
is uncertain since the Hugonio: curves nave abrupt changes of
sicpe due to plastiic yiclding and comminution. In order to use
& larger number of points for fitting a curve it was decided to
cevelop a composite equation of stare for tuff, playa and desert
alluviurn. It was found that by plotting p,U2% vs US the points
could be reconciled and a curve could be fitted. Her
is the initial density, U is the particle velocity, and S is the shock
velocity (see Figure 4.4). This curve translated to a plot of pressure
wwa in Figure 4.5 except {or tie portion
pelow 40 kilobars. A justificaiiun of the procedure is that this
curve is close to the Hugoniot ur (uarts and so can be interpreted

t
he corppacted uaterial. It is assumed that

rclaxation from a pressurc grester than 40 kilobars will lead to a

1 s 1

firal relative volume of 0.65. " The loading curve at small stresses

was reguired to f{it the bulk modulus of tufi. Itis shown on an

enlarged scale in Figure 4.6 wiih some typical unloading paths for
partially compacted material. The shear modulus used was 0.055
megabars which gives a souad -peed of 2.72 meters per millisecond.

The yield stress chosen was l.» kilobars and was assumed constant

The exnevimental <ot used {or determining this eguation

.35, and can not be uxpecivs. w0 represent materials containing water.

re

ct on the =zttenuation

by
[

It has weea found that the comp.ciion nas a laryge el

re,

[§)

SA0CK SIress wilth Gisitance.
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The specific mocdel de sceribed above was used in all one-
dimensional calculations reported herein. Wge have recently completed
a model description of the Coulomb type, but have not yet applied

-

it to any calculations.

[
[da)




SECTION 5

CALCULATIONAL PROGRAM

5.1 One-Dimensionzal Calculations
The numerical czliculaitions of ground motion and shock

ropagotion hiive been pesforised wita ile cquarion of state for

78]

us materiads discussed o the previous section. A number of

et

or

C

ne-dinrensionad problems Live boeen run to provide predictions

¢

oa contained cxplosions. Boeo.usce ol the simplicity of culculations
in one-cdimcension, they have Llso been used to examine the dynanic

behavier of a material obeyin, iy cquidion of state. The essential

e re is spuerical symmetry.

IS

assumnplion, of course, is thu. i

ravitational fields wre absent and the carth-iike medium is initially

The first celcuiution attemplea to represent the Rainier

[¢

r ener,y scurce was a uniform sphere of
2 mueers and a total internal energy of
1.7 kilotons. The most significant result of this calculation is that
he irreversible volume change has an important effcct on the decrease

nd particle

oI snock strength with distance. Cur values of pressurc a
7
(7)o

velocity are smaller than those caliculated by Nuckolls.
used ¢ similar cquation of staie except taat there was no compaction.
Therciore, compaction caanot be ignored in a porous medium.

Ilowever, our results do 00U wgrece wiph the measurements.
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Zvideatlly thie vord fraction in e Roinlers tull was smaelle
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tamped's that is, there was no void between it and the
earth-like mediurm. Again the source was tazken to be a sphere of hot
as. Decause of the smailer volume, the initial energy density and
the Rainicf case. The resulting peak
stress is plotted in Figure 5.1 At cqual scaled ranges this curve lies
below izt for the untamped cuse, since there is increased energy
zbsorption at small distances. In the same figure, experimental
oints from Project NOUGAT n ailuviam are plotted. The

zsood, so that our cquation of state represents dry

zliuvium with some confidence at e measured stress levels.
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5.2 Telinitd
. Delinit

N

is that axial symmetry exists «bout a ling

ziuminum surface through the center of impact. The projectile is a

-

‘right circular cylinder with & :xass of 6.15 grams and height and

diameter cach equal to 1 em. Its initial velocity is directed along

1

the axis of symmetry.

The equation of statc used for the aluminum is a fit to the

s - “I PR N - - Sy 3 S~ v Siv e o - 3
SheL s Mmoduius, WOLLCH wWas Tascen [rom stailc measuy ements, and tae
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The initizl projectile density is cqual to that of iron. Since
oaly the hiph pressure behavior of the projectile is important, 1t is
trcated s an ideal monatomic 2as. To preveat large distortions at

very easly times o large lincar viscosily is used in the projectile.

5.3 Two-Dimensional Calaulation

T Tyt e sy te s o Tz oy L ¥ IDTIDTY Nyeo o 53030t
Delore the Lepe 3I0Ua, ¢ vdiule ol ol was onerational, a

caleculation with a itimited number ¢f zones was attempted.  This

bitlous in extending the small number of

nhe zone dimensions were not small

P N

cemsarec to the projeciile. T

Wien the ase miemory becane available another problem was
he imosact velocity nad the ecuation of state were the same

¢ distortion and flow

yroblem introduce cifficalties into a

iich carn aot be avoided. The problerm was

run to 0.215 psec, when it bucuine hecessary to rezone and discard

the material in the crater lip. The configuration at this time is

ure 5.2. After rezoning, the problem was continuced

aer rosonce was necessary. The last stage

> -t ks M - L geey &1 -~ A5 ~ Te ab b 3
A portion of the conflguration at 0.245 wsec is shown 1n

-~ . = 2 A - . . 1 - - -~ N = - ~ 1
Tisure 3.3, At this time the peneration is 0.58 em.  Thae velocity
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The calculation has been carried through only the very early
stages of the impact. One might expect a final penetration of 6 cm,
so that the final crater volume would be about 200 times larger than

that reached here.
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SECTION 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The basic objective of the program was to develop a code
capable of calculating the responsec of a-soil-like media to the

hypervelocity impact of a metal projectile.

7 With this objective in mind, an existing Lagrangian elastic-
plastic hydrodynamic code (HEMP) was developed into a code capaBle
of handling cratering problems (PIPE). Substantial effort went into
the development of a material behavior model suitable for the
description of earth media. Spherically symmetric calculations were
made using a one-dimensional plastic-elastic code to determine the
response of earth media to several past underground detonations.
Although the data available from these experiments are meager,
the comparisons were constructive in allowing us to improve our
model. The resultant model is considerably more sophisticated
than is the dynamic experimental data available to specify the

parameters of the model.

The code developed was applied to the calculation of the

response of an aluminum half plane to the impact of a 6.15 gram

"cylindrical iron projectile moving with an initial velocity of

3 cmbsec. The important conclusion reached from this test problem
was that a Lagrangian code has distinct limits in dealing with the
highly asymmetric flow of material that occurs in the early stage of
cratering. In addition, such a.code is not capable of calculating the
distribution of the ejected material or of giving a detailed description

of the lip formation.
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6.2 Recommendations

Although the basic objective of the program has not yet
been obtained, the progress made is encouraging enough to warrant
a continuation of the program. Therefore, the recommendations
which follow apply to a follow-on program and suggest the direction

it should take.

6.2.1 The Computational Scheme ' ,

The most severe restriction on the use of PIPE is the
zone distortion. Several approaches may be used to solve this
problem. One is to use an Eulerian code for the initial motion and,
at the appropriate time, transicr to a Lagrangian code. A second
method is to have a combined Zulerian and Lagrangian code, the
motion of whose grid can be pirrogrammed to move at velocities between
the limits of a stationary grid (pure Eulerian) and a grid moving with

the material (pure Lagrangian). A third is to have a Lagrange code

“which periodically tests the zoning for orthogonality and automatically

rezoncs itself when necessary. A fourth is to develop an Eulerian
code having an elastic-plastic description adequate to compute the

cntire cratering phenomenon. Finally, one might use an Eulerian

‘code for the first phase but transfer to an Eulerian-Lagrangian code”

for the second phase where the Lagrangian code is used in regions in
which no mixing takes place, which are not in violent motion, but in

which material strength plays an important role.

The first af these approaches has the disadvantage that
ejecta and lip formation cannot be followed in the second phase.
The second method may ultimaltely prove to be a fine technique but
such a code requires considerable development and a fairly complete
understanding of the type of problem it is to be applied to, since grid

velocitics must be programmed in. The third method suffers from the
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lack of a way to handle ejecta, lip formation and the mixing of air, earth
and meteoritic materials. The fourth had the disadvantages of the

difficulty encountered in putting in the material strength and of a

-considerable loss of the details of the ground shock effects. This

latter difficulty results from the diffusive properties of Eulerian

schemes.

We believe thaf the last suggested approach has no severe
disadvantages for surface detonations. Fof such problems, Figure’b.l
describes the two phases of calculation. Initially, all regions are
purely Eulerian. Violent motions occur in this phase but no problems

arise.

After pressures in the ground have decreased to a level’
where material strength becomes important, the lower region outside
the surface ABCDE is allowed to become a Lagrange region. This
allows the ground shock to be followed accurately. The region above
the Eulerian slip surface, ABCDE, continues to handle ejecta,

lip formation fall-back and mixing in an appropriate manner.

As the Lagrangian zones expand somewhat radially from

the source point, additional zones will be inserted automatically to

control the size of the innermost Lagrangian zone. Also, zones will
be deleted automatically as they become unnecessary. It should be
noted that no rezoning is necessary when going from the first to the
sccond phase. The Eulerian grid is just switched to a Lagrangian
grid in the appropriate region. The boundary ABCDE must of
course be treated specially. The zoning is in polar coordinates in

both phases.
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Since this latter scheme offers a direct approach to an .
immediate calculational capability by the use of PIC and PIPE, and,
since in addition, it is ideally suited to describing all the features of

impact cratering, we propose its use for such problems.

6.2.2 Physical Phenomena to be Included

It is important to include spall, the mixing of ground, air
and projectile material, and gravity. An Eulerian description for the
early phases of the calculation will facilitate the second. The addition
of gravity may make it possible to determine the final location of the
cjected material and hence, to define the apparent shape of the crater.
Howe?er, because of the long times involved, a separate routine might
be nccessary. To allow for surface spall it is necessary to invoke thé
condition that no tensile stresses greater than the fracture stress

can exist.

6.2.3 Experiments

It is recommended tliat several impacts of iron projectiles

on soil-like media be made for future comparison and normalization.

- The velocities should cover the range from 1l km/sec to 72 km/sec at

several angles of incidence. Itis also recommended that efforts be

increased to determine equations of state data for the earth impact

crater materials.

6.2.4 Comparisons

[t is recommended that when a production code is completed
which is capable of describing the meteorite cratering process, detailed
comparisons be made of an explosive cratering calculation for a
given explosive energy density and an impact cratering calculation for
the same energy density. In addition, calculations should be made on

the earth craters for which the internal structure is well known.
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Figure 5.3
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